T herapeutic angiogenesis, a strategy to treat tissue ischemia by promoting the proliferation of collateral vessels, has emerged as one of the most promising therapies developed to date. 1, 2 Therapeutic potential of various angiogenic molecules has been reported in animal models or humans with ischemic disease. 3, 4 Recently, autologous transplantation of bone marrow (BM) stromal cells or endothelial cell (EC) progenitors has been shown to enhance angiogenesis or peripheral blood flow, and these cells were incorporated into sites of angiogenesis after tissue ischemia in the limb, retina, and myocardium. [5] [6] [7] However, it has also been suggested that bone marrow mononuclear cells contain various characteristics of stem cells for mesenchymal tissues 8 and secrete a broad spectrum of angiogenic or antiangiogenic cytokines, such as IL-1␤, which would play a role in the process of angiogenesis. 9 Adipose tissue, like bone marrow, is derived from the embryonic mesenchyme and contains stroma that is easily isolated, 10 which was classically used to investigate preadipocyte differentiation into mature adipocytes. However, this fraction was also reported to be a very convenient and nonrestrictive source of pluripotent cells such as hematopoietic progenitors and spare mesodermal stem cells able to differentiate into osteogenic, chondrogenic, myogenic, and neurogenic lineages. 11, 12 Moreover, in rodents, the presence of hematopoietic stem cells in adipose tissue-derived stromal cells (ADSCs) has been suggested, and the presence of a cell population expressing the stem cell marker CD34 has been shown in ADSC from human adipose tissue. 13 These cells could differentiate into endothelial cells and participate in vessel formation, and interestingly, administration of adipose tissue-derived cells could potentially affect revascularization to a similar degree to BM-MNC administration. 14 Of importance, ADSC secrete multiple angiogenic growth factors, such as vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF), at levels that are bioactive. 15, 16 However, how to use the advantage of "cultured ADSC" for angiogenic therapy still needs to be determined.
In this study, we developed cultured ADSC from mouse inguinal fat, which showed fairly homogeneous characteristics compatible with mesenchymal stem cells. ADSC can differentiate into endothelial cells and secrete angiogenic growth factors that strongly induce endothelial cell growth, migration, and tube formation. Transplantation of these cultured ADSC to ischemic limbs accelerated angiogenesis mainly caused by secretion of growth factors, rather than participation in vessel formation by differentiation.
Materials and Methods

Cell Culture
ADSCs were isolated from adipose tissue according to the method of Bjorntorp et al with minor modification. 17 Human aortic endothelial cells and aortic smooth muscle cells (passage 3) were obtained from Clonetics Corp (San Diego, Calif), and cultured in modified MCDB131 medium (EGM2-MV; Clonetics Corp) or smooth muscle medium supplemented with 5% fetal bovine serum and smooth muscle growth supplement (Clonetics Corp) in the standard fashion. 18 Detail information is described in Supplement (http://atvb.ahajournals.org).
Fluorescence-Activated Cell Sorting and Immunostaining
A total of 2ϫ10 5 cells were resuspended in 200 L phosphatebuffered saline containing 3% bovine serum albumin and incubated for 30 minutes with fluorescence-labeled antibodies against Ly-6A/E (ScaI)-PE (phycoerythrin), CD117 (c-kit)-fluorescein isothiocyanate (FITC) (FITC), CD31-PE, CD34-PE, CD45-PE, CD11b-PE, CD44-PE, or the respective isotype control, which were obtained from BD Biosciences (Franklin Lakes, NJ). Cells were also incubated with biotin-conjugated mouse lineage panel antibodies against CD3e, CD11b, Ly-6G and -6C, Ter-119, and CD45R/B220 (Lyn; BD Biosciences) and further incubated with streptavidin-PE. After washing steps, the labeled cells were analyzed in 3 channels: FITC in FL1, orange fluorescence (PE) in FL2, and long-wavelength red fluorescence in FL3 by flow cytometry by means of a fluorescence-activated-cell sorter (FACS) Calibur flow cytometer and CellQuest Pro software (BD Biosciences).
To immunostain cells for platelet/endothelial cell adhesion molecule 1 (PECAM) (CD31) or VE-cadherin, cells were fixed for 30 minutes at room temperature with methanol, and permeabilized for 5 minutes with 0.2% Triton X-100 and 1% goat serum. They were then incubated with an antibody to PECAM or VE-cadherin (1:100, Pharmingen, San Diego, Calif) and further incubated with Alexa Fluor 488 anti-rat antibody (1:200, Molecular Probes, Inc., Eugene, OR).
Cell Viability, Migration, and Tube Formation Assay
Cell viability of HAEC was measured by MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay (CellTiter 96, Promega, Madison, Wis) as previously described. 18 Migration of HAECs was estimated in a modified Boyden chamber as previously described. 19 An angiogenesis kit (Kurabo, Tokyo, Japan) was used for tube formation assay as described by the manufacturer. The detail information was described in Supplement.
Reverse Transcription-Polymerase Chain Reaction Analysis
The conditions of the polymerase chain reaction (PCR) and design of oligonucleotide primers followed a previous report 20 with minor modification. We performed quantitative real-time PCR analysis. The detail information about reverse-transcription PCR is described in the Supplement.
Mouse Hindlimb Ischemic Model and Evaluation of Angiogenesis
Wild-type C57BL/6J mice were anesthetized with ketamine chloride (80 mg/kg) and xylidine sulfate (8 mg/kg) subcutaneously, and unilateral hindlimb ischemia was induced as described previously. 21 Blood flow by laser Doppler imaging (LDI) (Moor Instruments, Devon, United Kingdom) and capillary density within the ischemic thigh adductor skeletal muscles was performed for analysis of angiogenesis as described previously 22 All experimental protocols were approved by the Osaka University Graduate School of Medicine Standing Committee on Animals. Detailed methods are described in the Supplement.
Statistical Analysis
All values were expressed as meanϮSEM. Analysis of variance with subsequent Bonferroni's/Dunnet's test was used to determine the significance of differences in multiple comparisons. Values of PϽ0.05 were considered statistically significant.
Results
Pluripotency of ADSCs
The inguinal fat pads from each mouse yielded approximately 1ϫ10 5 nucleated cells. Freshly isolated ADSC showed adherence and expansion in culture. After second passage of cell expansion, FACS analysis of cultured ADSC indicated that ScaI and CD44 antigen were expressed, but not c-kit, Lin, CD11b, CD31, CD34, or CD45 ( Figure 1A ). This suggests that ADSC include a large population of mesenchymal stem cells, but no hematopoietic stem cells. 23 Of importance, these characteristics of ADSC surface markers were conserved after several passages of cell expansion. These cells look like fibroblasts and can differentiate into not only adipocytes but also chondrogenic and osteogenic lineages in vitro as previous described. 12 To examine the pluripotency of ADSC, we tried to induce them to differentiate toward endothelial cells. Because murine embryonic stem cells or human endothelial progenitor cells can differentiate into endothelial cells with growth factor-rich medium in collagencoated dishes, 24 we seeded ADSC into collagen I-coated dishes with DMEM or growth factor-rich EGM2-MV medium for 5 days. Although PECAM-positive or VE-cadherin positive cells were not observed in ADSC cultured in EBM-2 medium, we found a few PECAM-positive or VE-cadherin-positive cells in growth factor-rich medium, which showed a spindle shape similar to endothelial progenitor cells from bone marrow ( Figure  I , available online at http://atvb.ahajournals.org). To further confirm the differentiation of ADSC into EC, we also followed Flk-1, Tie-2, and PECAM gene expression by reversetranscription PCR. After differentiation of murine ADSC in growth factor-rich EGM medium, we collected the PECAMpositive endothelial cells from ADSC using mouse specific anti-PECAM antibody-attached magnet beads and extracted mRNA from them as differentiated EC. As shown in Figure 1B , we confirmed the mRNA expression of Flk-1, Tie-2, and PECAM only in differentiated EC.
Effects of ADSC on EC Viability, Migration, and Tube Formation
Increasing numbers of reports highlight the possibility that adipogenesis and neovascularization are reciprocally regulated and tightly linked in rodents. 25, 26 Because the proliferation and migration of endothelial cells are important aspects of angiogenesis, we examined the effect of ADSCconditioned medium in a coculture system of human aortic endothelial cells. Cell viability of endothelial cells in the conditioned medium from ADSC was significantly higher than that in conditioned medium from EC, and the conditioned medium from ADSC in growth factor-rich EGM2-MV medium resulted in an even greater increase in viability, assessed by MTS assay (Figure 2A ). In migration assay of EC, conditioned medium from ADSC in growth factor-rich EGM2-MV medium resulted in a significant increase in viability, to a lesser extent in growth factor-withdrawal EGM2-MV medium, compared with conditioned medium from EC in EGM2-MV medium ( Figure 2B ). In tube formation assay, conditioned medium from ADSC in EGM2-MV medium also showed a significant increase in several parameters (length, area, joint, path) compared with the conditioned medium from EC in EGM2-MV medium ( Figure 2C ).
Secretion of Angiogenesis-Related Cytokines From ADSC
It is known that ADSC secrete multiple angiogenic growth factors, such as VEGF and HGF, at levels that are bioactive. 15, 16 We quantified the expression level of angiogenesis-related cytokines by real time PCR from human ADSC and vascular smooth muscle cells (VSMCs). As shown in Figure 3A , we observed the relatively high expression of HGF, VEGF, placental growth factor (PGF), and transforming growth factor (TGF)-␤, the moderate expression of fibroblast growth factor (FGF)-2 and angiopoietin (Ang)-1, and the low level of Ang-2 from ADSC, and the expression level of HGF and VEGF were markedly higher than that of VSMC. In the analysis of enzymelinked immunoassay, ADSC secreted a significant amount of HGF, and to a lesser extent VEGF, in EBM-2 medium for 72 hours. When ADSC were cultured in growth factor-rich EGM2-MV medium, consistent and prominent augmentation of both HGF and VEGF secretion was observed ( Figure II , available online at http://atvb.ahajournals.org). To examine the effects of these growth factors on EC viability and migration, we used VEGF and HGF neutralizing polyclonal antibodies in a human ADSC and EC coculture system. We used human ADSC from human adipose tissue only in these experiments. Because anti-murine HGF neutralizing antibody is not available and anti-VEGF neutralizing antibody cross-reacts with both murine and human VEGF, it is better to use human cells to compare the contribution of these growth factors. Treatment with anti-HGF neutralizing antibody (10 g/mL) in conditioned medium from ADSC resulted in Ϸ25% inhibition of EC viability (MTS assay) and 48% inhibition of EC migration, and treatment with anti-VEGF neutralizing antibody (10 g/mL) resulted in Ϸ23% inhibition of EC viability and 26% inhibition of EC migration. The both treatments with these 2 antibodies could return the EC viability and migration to the baseline level. (Figure 3B ). These results suggest that these 2 growth factors have a great contribution to EC viability and migration induced by conditioned medium from ADSC.
Angiogenic Effect of ADSC in Mice Ischemic Hindlimb Model
To determine whether transplantation of ADSC could induce an angiogenic effect, we evaluated the angiogenic effect of injected murine ADSC in the mouse ischemic limb. At 10 days after unilateral ligation of femoral artery of the mouse hindlimb, we performed LDI and separated the mice into three groups: injection of PBS or 1ϫ10 6 ADSC cultured with growth factor-rich or withdrawal EGM2-MV medium. Figure  4A shows representative LDI images of hindlimb blood flow at 14 and 28 days after transplantation. Although serial LDI examination disclosed natural recovery of hindlimb blood flow in the control group, transplantation of ADSC resulted in more rapid recovery of the ratio of ischemic/normal blood flow. Interestingly, transplantation of ADSC in growth factor-rich EGM2-MV medium further improved it.
To investigate the degree of angiogenesis at the microcirculation level, we measured capillary density in histological sections harvested from the ischemic tissues. The representative photomicrographs of tissue immunostained with anti-CD31 antibody were shown in Figure III (available online at http://atvb.ahajournals.org). Quantitative analysis revealed that the capillary density was significantly increased by ADSC in growth factor-rich EGM2-MV medium, and to a lesser extent by The means/SEM of positive signals were also shown for each antibody. B, Typical example of RT-PCR analysis of endothelial cell marker expression. RNA was extracted from ADSC or differentiated ADSC into EC, which were cultured in growth factorrich EGM2-MV medium, and were collected with murine PECAM-positive antibody attached Dynabeads. Expression of Flk-1, Tie-2, and PECAM was examined as endothelial cell markers. G3PDH was used for normalization of total mRNA.
ADSC in growth factor-withdrawal EGM2-MV medium, compared with the control group ( Figure 4B) .
We further performed the comparative study with bone marrow nuclear cells (BMN) and HGF gene therapy that had been already performed in human clinical trial for peripheral arterial diseases. 4, 7 In the analysis of blood flow by LDI at 28 days after each treatment, there was no significant difference between three groups ( Figure III) .
Involvement of ADSC in Vasculogenesis
To confirm whether ADSC are directly involved in the development of vasculogenesis in the ischemic limb, we isolated ADSC from mice engineered to constitutively express GFP and injected ADSC cultured in EGM2-MV medium into the mouse ischemic limb as described. At 3, 14, or 28 days after injection, we isolated muscle and observed GFP-positive cells. As shown in Figure 5 , we identified a few clusters of GFP-positive cells in the ischemic area, which may have been the injected area, at 3 days after cell transplantation, and fewer GFP-positive cells at 14 days, and almost no GFP-positive cells by immunostaining with anti-GFP antibody at 28 days, which did not correspond to the distribution of CD31, von Willebrand factor and ␣-smooth muscle actinpositive cells. It suggests that ADSC might be not directly involved in the development of vasculogenesis in this model.
Discussion
The present study demonstrated that transplantation of ADSC induced angiogenesis accompanied by an increase of blood flow and capillary density in the ischemic limb.
Despite the promising potential for regenerative applications, the fundamental scarcity of endothelial progenitor cell populations in the hematopoietic system constitutes an important limitation of primary endothelial progenitor cell transplantation. It was reported that ex vivo expansion of endothelial progenitor cells cultured from the peripheral blood of healthy human volunteers yielded Ϸ5.0ϫ10
6 cells per 100 mL of blood, whereas heterologous transplantation requires 0.5 to 2.0ϫ10 4 human endothelial progenitor cells per gram of body weight (of the recipient mouse) to achieve satisfactory reperfusion of the ischemic hindlimb. 27 Actually, the amount of autologous BM blood aspirated for therapeutic neovascularization was approximately 500 mL per person (ie, 0.1% of body weight). 7 This suggests a practical limitation of endothelial progenitor cell transplantation; namely, the volume of blood required to extract an adequate number of endothelial progenitor cells for autologous transplantation. The main benefit of our ADSC is that they can be easily harvested from patients by a simple, minimally invasive method and also easily cultured (1ϫ10 5 cells from one mouse and 20 mL lipoaspiration from a human). Moreover, cultured ADSC can be expanded more rapidly (Ͼ10 times within 1 week), and long-term cultured cells after some passages still retain their mesenchymal pluripotency, with expression of ScaI and CD44. This suggests that ADSC could be a good candidate as a novel source of cell therapy in cardiovascular disease.
Recently, therapeutic endothelial stem cell transplantation was suggested to be a promising approach to restore tissue vascularization after ischemic events. 6 However, the true in vivo differentiation capacity of adult BM stem and progenitor cells and their possible contribution to nonhematopoietic cells and tissues including endothelial cells remain controversial. 28, 29 We speculate that the injection of cells are not mimicking strictly the natural course of the cells infused or the cultured stem cells under special conditions can change the properties of these cells in terms of their capacity to incorporate into target tissue. In addition, we have to observe carefully whether the survive cells would be a "differentiation" or "fusion." A very recent report suggested that adult BM-derived cells participate in angiogenesis, and a small subpopulation of them differentiate into vascular mural peri- 30 BM contains nonhematopoietic stromal cells, which comprise immature mesenchymal stem cells, EPC, fibroblasts, osteoblasts, EC, and adipocytes, 8 and infiltrating inflammatory leukocytes release angiogenic cytokines including VEGF. Interestingly, treatment with anti-VEGF monoclonal antibody completely abolished BM-induced neovascularization. 31 This suggests that stem cell transplantation is also "cell-based cytokine therapy." Of importance, in this study we used media containing growth factors to induce the direction of differentiation into vascular cells, to avoid differentiation into unexpected cells, and also activate the secretion of angiogenic growth factors leading to "cell-based cytokine therapy." Although in this study our ADSC-mediated cell therapy did not show further angiogenic effect in the comparison with BM cell or HGF gene therapy, it would be a study limitation to conclude their effectiveness in this ischemic hindlimb model. Our cultured ADSC can provide stem cells by FACS analysis and are easily available for autologous cell therapy, which would allow feasible implementation of "stem cell-based functional gene therapy" in the future.
Increasing numbers of reports highlight the possibility that adipogenesis and neovascularization are reciprocally regulated and tightly linked in rodents. Our results indicate that ADSC represent an easily accessible cell source with potential effects that can be used for therapeutic angiogenesis through growth factor secretion, so-called adipocytokine.
